Abstract: Mesenchymal stem cells have generated much interest because of their potential use in regenerative medicine. The major draw back in the application of these cells is that there is no single marker or markers that have been established to identify and aid in isolating the cells from a variety of other cell types. The commonly expressed mesenchymal stem cell surface antigens include CD44, CD73, CD90.2, CD105, and CD146. In the present study we examined the stability of these surface antigens in culture and their potential application in identifying and isolating murine derived adipose derived stem cells. The data showed that the expression of these markers increased with culturing and appeared to stabilize by passage 8; the cells were sorted positively for the surface markers at this passage. Each subset was maintained in culture and evaluated for differentiation toward osteogenic lineage in vitro and in vivo. The CD73 and CD105 positive cell subsets demonstrated robust differentiation toward osteogenic lineage in vitro; the CD90.2+ cell subset exhibited the least differentiation toward osteogenic lineage. Assessment of the cell subpopulations for in vivo differentiation demonstrated that all the cell subsets exhibited potential to differentiate into osteoblasts. Taken together, these data suggest that this panel of markers although useful in identifying cells with potential to differentiate toward osteogenic lineage, cannot prospectively be used for enriching for ADSC from a variety of other cell types.
INTRODUCTION
Mesenchymal stem cells (MSCs) have generated much interest because of the potential they possess in regenerative medicine. However, the biology of these cells is still poorly understood primarily because there are no specific markers available to identify them. The application of these cells in regenerative medicine will require isolation and identification of the cells from a mixture of other cell types. Numerous surface antigens have been shown to be expressed on MSCs isolated from various sources. These surface antigens include CD105, CD90.2, CD73, CD146, and many others. Although these surface markers are regarded as putative MSCs markers, they are also expressed on a variety of other cell types [1] [2] [3] [4] [5] [6] [7] [8] . The use of these markers for the isolation of the putative stem cells from a variety of other cell types is therefore limited. Several other putative MSCs markers have been postulated. STRO-1, an antibody raised against human marrow derived cells expressing low levels of CD34 was shown to recognize stromal cells that express low levels of CD34 [9] . Cells isolated based on Stro-1 antibody were shown to have high potential to differentiate into several cell lineages, including osteogenic, adipogenic, chondrogenic, and myogenic cell lineages [10] [11] [12] . The cells, however, sorted based on this antibody still represent a mixed population. SSEA-1 and SSEA-4 antigens are stage specific antigens expressed by murine and human embryonic stem cells respectively [13, 14] . These antigens have been identified on marrow preparations and are thought to be expressed by primitive MSCs. The usefulness of these markers in the isolation of the putative MSCs remains undefined. In the present study we focused on the commonly recognized markers CD44, CD73, CD90.2, CD105, and CD146 expressed by MSCs isolated from adipose tissue (ADSCs) to determine their stability in culture and their potential effectiveness in isolating MSCs from a variety of other cell types. We compared cell subsets sorted for these antigens for their efficiency in osteoblast differentiation in vitro and in vivo. Here we report the stability and differentiation of each subset toward osteogenic lineage in vitro and in vivo.
The rationale behind the present studies is to understand how the surface antigens can be utilized to isolate the cells with high osteogenic potential from a variety of other cells. It is well established that there are no specific markers available for the identification of the adult stem cells; analysis of the established surface antigens expressed by ADSCs with culturing offers means of assessing markers that can be applied to prospectively isolate a population of cells that exhibit high osteogenic potential as well as differentiate into other cell lineages.
MATERIALS AND METHODS

Isolation of the Adipose Derived Mesenchymal Stem Cells (ADSC)
Murine adipose derived stem cells (ADSCs) were isolated as described previously [15, 16] . Briefly, adipose tissue obtained from the murine inguinal fat pad was minced, washed extensively, and digested with 0.075% Type II collagenase at 37 o C for 30 minutes with gentle agitation. The digested fat was centrifuged at 2,000 rpm for 10 minutes.
The pellet was washed then passed through 70 m mesh filter. The filtrate was centrifuged as above and plated in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin v/v (P/S) and incubated at 37 o C in 5% CO 2 . At passage 3, the cells were transduced with a retrovirus containing GFP-Zeocin to allow for visualization and cell selection.
Transduction of the Cells with a Retrovirus Carrying eGFP and Zeocin Resistant Genes
Cell transduction was performed as described previously [17, 15] . Briefly, the cells were plated in six-well plates in DMEM and maintained in culture to 60% confluence. The cells were treated with 1 ml of a high-titer DFG based retro virus [18] in DMEM supplemented with 10% FBS and 8 g/ml polybrene and incubated for 24 h. After 24 h, the medium was replaced with new medium supplemented with 10% FBS and treated with retroviral vector and incubated for further 24 h. After two more rounds of medium changes with addition of viral vector, new medium without the viral vector was added and the cells were incubated further for 24 h. To select a population of cells expressing GFP, cells were maintained in DMEM supplemented with 10% FBS, 25 g/ml of Zeocin and 50 g /ml of ascorbic acid. The GFP+ ADSCs were maintained in culture in presence of Zeocin until use.
Differentiation Assays
Alkaline Phosphatase Activity (ALP) Assay
Cells were treated with 100 ng/ml of BMP-2 for three days followed by analysis of ALP activity by densitometry using the Revelation Program (Dynex Tech, Virginia). Cells were grown to 80% confluence before addition of BMP-2 containing media to allow for equivalent cell quantity for each subset. Cells were also stained for ALP activity at passage 4. For cytochemical staining of ALP activity, the cells were fixed in methanol/acetone (1:1), and stained for 30 minutes at room temperature with Naphthol Phosphate (0.05mg/ml) and Fast Red (1mg/ml). Wells were examined under the light microscope and photographed. Each sample was run in triplicate, three independent times.
Osteogenic Differentiation
Osteogenic differentiation in vitro was assessed by staining cells with Alizarin Red S at 21 days after culturing in osteogenic medium. Cells were grown to 70% confluence before the introduction of osteogenic media to allow for equivalent cell quantity for each subset. Osteogenesis induction medium contained: -minimum essential medium ( -MEM), 5% FBS, 1% P/S, 10 mM Na--glycerophosphate, 0.2mM Ascorbic Acid Phosphate (ASA), and 10 -8 M Dexamethasone (Sigma Aldrich, St Louis MO). Each sample was run in triplicate at three independent times.
Adipogenic Differentiation
Adipogenic differentiation in vitro was assessed by staining cells with Oil Red O at 14 days after plating in adipogenic medium. Adipogenesis induction medium contained: DMEM, 5%FBS, 1% P/S, 0.5mM 3-isobugyl-1-methylxanthine (IBMX), 1 M Indomethacin, 1 M Insulin, and 10 -7 M Dexamethasone. 
Injection of the Cell Subpopulations into Mice Femur Cavities
Subsets of cells sorted positively for the CD73, CD90.2, CD105, and also the unsorted cells were injected at a density of 1x10 6 cell/ml into sublethally irradiated wild type mice femurs. All the animal experiments were performed under approved protocol by Penn State University Animal use committee. For cell injection, mice were anesthetized with 1mL/ Kg mouse weight Ketamine and Xylazine (100mg/ml in 2:1 Ketamine/Xylazine) prior to cell injection. The cells for injection were trpysinized from plates and washed in sterile PBS. The washed cells were suspended in sterile PBS at a concentration of 1x10 6 cell/ml and injected into the femurs of the irradiated mice through the femoral chondyle. The recipient mice were sacrificed at 1, 2, 4 weeks after infusion. For donor cells retrieval from bone marrow, the marrow was flushed from the recipient femurs, centrifuged, and plated in Petri dishes. For donor cells retrieval from bone, after the marrow flush the femurs were cut into small pieces and placed in Petri dishes. The cells that grew out of the bone pieces were expanded in culture in presence of Zeocin. All the retrieved cells were cultured in DMEM/ 10% FBS, supplemented with Zeocin (25 g/ml) to select for the GFP+ cells. The GFP+ cells were then assessed for gene expression of osteoblast associated differentiation genes, Runx2, Osterix (OSX), Osteoponin, and Osteocalcin (OCN).
Gene Expression Analysis
Gene expression analysis was performed on cells retrieved from two mice per experimentation group (i.e. unsorted, CD105+, CD73+, CD90.2+); gene expression analysis was performed in triplicates and each experiment was performed three times. Gene expression analysis was performed as described previously [15] and the primers used are shown in Table I . Briefly, total RNA was extracted from 1x10 6 of the donor unsorted and the sorted cell subsets, using Trizol (Invitrogen, CA) per manufacturer's instructions. The mRNA was reverse transcribed to cDNA using SuperScript™ First-Strand Synthesis System for RT-PCR (Invitrogen, CA) according to the manufacturer's instructions. cDNA was amplified using an Eppendorf PCR System (Eppendorf AG, Hamburg, Germany) at 94°C for 30 sec, 65°C for 30 sec, and 72°C for 1 min for 30 or 35 cycles, after initial denaturation at 94°C for 5 min. All primer sequences that were used were determined using established GenBank sequences and are indicated in Table 1 . Triplicate PCR reactions were amplified using primers designed foractin as a control for assessing PCR efficiency. The PCR fragments were analyzed by agarose gel electrophoresis.
RESULTS
Isolation of ADSC
The isolated ADSCs expanded rapidly in culture and at passage 3 they were transduced with the retrovirus carrying eGFP and the Zeocin resistant genes. Fig. (1) shows the morphological appearance of the cells in bright field and under fluorescence for GFP Fig. (1A) . Transduction of the cells with the retrovirus carrying eGFP and Zeocin resistant genes did not affect their growth or differentiation toward osteogenic and adipogenic cell lineages. Unsorted nontransduced ADSC as well as unsorted eGFP/Zeocintransduced cells were analyzed for surface antigen expression, growth, differentiation and morphological appearance; there were no differences noted between the cell types in terms of the above characteristics. Alkaline phosphatase activity was assessed after BMP-2 treatment, mineral deposition was assessed by Alizarin Red S staining, and lipid vacuole formation was assessed by Oil Red O staining. The results showed that the cells have potential differentiate at least toward osteogenic and adipogenic cell lineages Fig. (1B) .
ADSC Cell Surface Antigen Expression
A cell surface marker profile was generated on the isolated cells over a culturing period from passage 3 to passage 10. The data showed that the expression levels of CD73, and CD146 was initially low. However, the levels increased significantly in culture with passaging and were maximal by passage 10 Fig. (2A) . The expression levels of CD44 and CD105 were consistently very high and remained at these levels throughout the culture period. The expression of CD90.2 remained consistently low. These findings were similar in two different ADSCs preparations. The changes of the surface antigens upon culturing and passing are presented in the graphical form Fig. (2B) . These data indicate that the cells expressing CD73 and CD146 increase the expression of these antigens in culture or with culturing the cells that express these antigens become predominant during culturing.
Sorting of the ADSCs for Specific Subpopulations
At passage 8, when marker expression appeared stable, the ADSCs were sorted into positive subsets according to the proposed panel of markers: CD73, CD90.2, and CD105 markers. CD44 and CD146 were used to characterize the marker expression of ADSCs, however they were not chosen as markers that would specifically sort out murine ADSCs from a mixture of other cell types. CD44 was found to be highly expressed by the murine ADSC population, with 100% of the cells expressing CD44 at all passages. CD44 is expressed by most mesenchymal cells and other cell types, including adipocytes, fibroblasts, macrophages, and adipose derived stem cells. Because this antigen is expressed by several other cell types, it is not considered a marker of MSCs and can not be used to isolate MSCs from other cell mixtures. This antigen was not further analyzed because of these properties. CD146 is used most commonly as an epithelial marker we did not pursue it further.
The morphological appearance of the sorted cell subpopulations are shown in Fig. (3) . The CD105+ and CD73+ sorted cells appeared to exhibit similar morphologies; both cell types were long, thin, and similar in size Fig. (3) . These two cell subsets greatly resembled the unsorted cell population because cells that express these antigens are predominant in the preparation. This resemblance in morphology is likely due to the fact that the unsorted cell population contains cells that highly expresses CD105 and CD73, and expresses a low level of CD90.2. The CD90.2+ cells exhibited a slightly different morphology; these cells were smaller when compared to the unsorted or CD73+, and CD105+ cells. The sorted ADSCs retained their designated marker expression throughout experimentation.
ADSC Substances Differentiate towards the Osteogenic Linkage
The differentiation potential of each cell subset toward osteogenic lineage was assessed in vitro. The Alkaline Phosphatase (ALP) activity of each cell subset was determined by treating the cells with BMP-2 for 3 days followed by analysis of ALP activity by densitometry. 
CD44
Alkaline phosphatase plays a role in mineralization; it is an early biochemical marker of osteoblast differentiation. Alkaline phosphatase (ALP) activity data showed that unsorted ADSCs and the cells sorted for CD105+, and CD73+ exhibited higher ALP activity; while the CD90.2+ ADSCs expressed low ALP activity Fig. (4A) . ALP activity assessment following BMP-2 treatment provides a faster means of assessing osteogenic potential of MSCs preparation and does not require addition of other osteogenic supplements. To evaluate potential of mineral deposition by differentiating MSCs requires addition of osteogenic supplements and in this case BMP-2 is not necessary. The cell subsets were further evaluated for osteogenic potential by analyzing the ability of each subset to deposit calcium in vitro based on Alizarin red staining. Unsorted cells and the cells sorted for CD105+ and CD73+ADSCs stained heavily for calcium deposition as indicated by Alizarin Red S staining when cultured in osteogenic medium Fig. (4B) . The CD90.2+ ADSCs again demonstrated minimal staining for calcium deposition (Fig. 4B ). These data suggest that CD 90.2+ cells have less potential to differentiate toward osteogenic lineage at least in vitro. The CD146+ cell subset was not evaluated.
In vivo Differentiation of the ADSC Subsets
In order to further evaluate the different cell subsets for differentiation toward osteogenic lineage, the cell subsets were injected into the mice femurs and were then retrieved at The donor cells retrieved from the bone and marrow appeared to exhibit distinct cell morphologies Fig. (5A) . The cells retrieved from bone marrow exhibited a round morphology whereas the cells retrieved from bone exhibited spindle shaped morphology. Analysis of genes associated with osteoblast differentiation by the retrieved cells at different time points showed differential expression of some genes Fig. (5B) . Prior to injection, all the cell subsets constitutively expressed osteopontin. The donor cells of all subsets that were retrieved from the bone and marrow of the recipient femurs 1 week after cell infusion demonstrated expression of Runx2, an early marker of osteoblast differentiation. Donor cell subsets retrieved at week 2 after cell infusion from the bone and marrow also showed expression of Runx2; analysis for Osterix (OSX) and Osteocalcin (OCN) did not reveal any expression at this time point. At week 4, Runx2 was still expressed by the entire donor cell subsets retrieved from bone and marrow; however OSX was also expressed at this time point Fig. (5B) . Interestingly, at week 4 osteocalcin was also expressed by all the donor cell subsets retrieved from bone but not the marrow. The data indicate that the donor cells that become associated with bone differentiate into osteoblasts in vivo while the donor cells that remain associated with marrow are progenitors. These data clearly demonstrate that ADSCs undergo gradual differentiation toward osteoblast lineage in vivo. The data also indicate that each of the donor cell subset had potential to differentiate into osteoblasts in vivo. These data differ from in vitro data; because CD90.2+ cells were less efficient in differentiating toward osteogenic lineage in vitro but they differentiated efficiently into osteoblasts and equally well as the CD 73+ and CD105+ cell subsets in vivo. The data suggest that in vitro differentiation data may not correlate with the in vivo differentiation data. Nevertheless because we did not perform quantitative gene expression for each subset we cannot rule out subtle differences in the expression of these genes by each of the cell subsets in vivo. Each of the cell subset retrieved from bone expressed osteocalcin suggesting that they all had potential to differentiate into osteoblast in vivo. These data indicate that the surface markers may not be useful in discriminating cells with higher osteogenic potential at least in vivo, the data however suggest that cells enriched in CD105 or CD73 exhibit higher levels of osteogenic potential at least in vitro.
DISCUSSION
The majority of mesenchymal stem cell studies focus on bone marrow derived stem cells. However, adipose tissue has become an appealing source for MSCs due to its abundance and ease of isolation [19] . Adipose derived stem cells are highly proliferative and multipotent [20] . Because of these properties adipose derived stem cells hold great promise in regenerative medicine.
Although MSCs have generated a lot of interest, there is no single marker available to identify these cells. Numerous markers have been proposed, however their usefulness in isolating cells from a myriad of other cells has not been established. The pioneering work of Friedstein showed that within adult marrow a rare 1 in 10 4 -10 5 bone marrow mononuclear cells are clonogenic precursors associated with the marrow stroma [21] [22] [23] . These cells were shown to be capable of forming bone and reconstituting the microenvironment [24] . Since then, numerous markers have been proposed that are capable of identifying these cell populations, however none has been established as an exclusive marker for these cells. CD105 or endoglin has been shown to be expressed on all putative MSCs. This antigen is however also expressed by numerous other cells including endothelial cells and the breast cancer cell line MDA-231 [1, 4] . The antibody recognizing this antigen was originally raised against MSCs harvested from bone marrow and called SH2. Later studies identified endoglin or CD105 as the antigen recognized by the SH2 antibody [25] . Endoglin is a dimeric glycoprotein present on human vascular endothelium; it is a component of the TGFsignaling system that acts as a type III receptor [25] . The ADSCs express very high levels of this antigen and remained relatively stable during culturing. The usefulness of this antigen to isolate ADSCs from other cell types is limited because it is expressed by almost all the cells isolated from the adipose tissue; the expression of CD105 is 94% from Passage 4 through Passage 10. This suggests that CD105 is expressed by a large heterogeneous population of cells in the isolate.
CD73 is a GPI anchored ecto-5'-nucleotidase which functions to catalyze the conversion of certain mononucleosides to nucleosides. This antigen was expressed at high levels by the ADSCs; CD73 was expressed by 84-90% of the ADSC population from Passage 5-Passage 10. The finding that ADSCs express high levels of this antigen and its expression is increased during culturing makes it an ineffective marker for the isolation of the putative ADSCs from a variety of other cell types. The CD73 antigen is however useful for characterizing culture expanded human MSCs. The antigen has previously been used to isolate cells with the potential to differentiate toward myoblasts from a human embryonic stem cell line [26] , thus suggesting that the majority of MSCs express this antigen.
The human CD90.2 antigen is also known as Thy-1; is a member of the immunoglobulin gene superfamily. The CD90.2 molecule is expressed in nervous tissue, connective tissue, various stromal cell lines, and by a rare subset of human fetal bone marrow cells that contains multipotent hematopoietic progenitor activity. The antigen is also expressed on a subset of CD34 positive cells from human bone marrow, cord blood or fetal liver [27] . In mouse ADSC preparation, the cells expressing CD90 represented a small population. In human ADSCs, the CD90 antigen is expressed at high levels, the difference in expression level of this antigen by human and mouse ADSC is not clear here. The level of cells expressing this antigen remained low through passaging and expansion. This is contrary to human MSCs which express high levels of this antigen [28] . Interestingly cells sorted for this antigen exhibited reduced capacity to differentiate toward osteogenic lineage in vitro but were able to differentiate into osteoblasts in vivo. These data suggest that the cells require some other factors to induce their differentiation, however these factors may be absent during the in vitro conditions used to assess osteogenic differentiation.
The in vivo assessment for osteogenic differentiation demonstrated that the ADSCs underwent sequential differentiation in vivo. These findings are in agreement with what is known regarding the expression of Runx2 and OSX during osteoblasts differentiation. Osteopontin appeared to be constitutively expressed by all the cell subsets. Runx2 was expressed by all the cells subsets in vivo at all the time points assessed. Osterix was expressed equally at Week 4 by all the cells subsets retrieved from both the marrow and bone. Interestingly osteocalcin was expressed by all the donor cell subsets retrieved from bone while the cells retrieved from bone marrow expressed very low levels. These findings demonstrated that the cells which engraft in bone differentiate into osteoblasts while those that remain in the marrow are progenitors. Osteoblasts differentiate from mesenchymal cells, and their differentiation is regulated by specific factors that are expressed at different time points during differentiation. Runx2 and OSX are transcription factors that are expressed selectively at high levels in osteoblasts. Null mutations of either factor leads to complete absence of bone in mice. Runx2 is required early during osteoblast differentiation, whereas OSX is required later by committed osteoprogenitors to mature osteoblasts [29] . Our findings on ADSCs differentiation in vivo appeared to follow this sequence. Runx2 was expressed early by the injected cells. OSX expression was seen four weeks after cell injection in cells retrieved from both the bone and marrow. However only the cells retrieved from the bone express Osteocalcin, a gene expressed by mature functioning osteoblasts, by week 4. These results suggest that the differentiation of ADSCs in vivo is slow and for their application they may require factors to accelerate differentiation into osteoblasts in vivo.
CONCLUSION
Taken together, the present findings imply that the putative markers assessed here which are attributed to MSCs may not be useful in isolating MSCs from a variety of other cell types because they undergo changes in culture and some are expressed by most cells in the preparation. The antigens are useful for characterizing culture expanded MSCs. The antigens may also be useful as guides to indicate that certain cell preparations contain cells that exhibit MSCs characteristics. The cells were cultured in standard conditions used for maintenance and expansion of MSCs. Because the cells are removed from their natural niche, the analysis of cell differentiation in vitro and in vivo may differ from the behavior of the cells when they are in their natural niche. In addition the cells used here were transduced with a retrovirus carrying GFP/Zeocin resistant genes, therefore the possibility that transduction could affect the behavior of the cells in vitro and in vivo can not be ruled out. Nevertheless, the present findings suggest that further investigations are necessary to discover markers that characterize ADSC and their utility in isolating MSCs with high potential for osteogenic differentiation.
